Abstract-The flocculation degree of a dense slurry was evaluated by hydrostatic pressure measurement. In order to discuss the relationship between the results obtained from the hydrostatic pressure measurement and the final packing fraction of a sediment, the ratio of apparent weight flux of the depositing particle to that of teh settling particle, U b /U u was introduced. It was shown that the final packing fraction of the sediment increased with U b /U u . In addition, the value of U b /U u was theoretically estimated when the particles were well dispersed and hindered settling occurred, and the estimated value was compared with the experimental value in order to discuss the settling behavior in detail.
ρ f liquid density (kg/m 3 )
INTRODUCTION
It is important to accurately evaluate the particle dispersion state of slurries in many industrial fields, including ceramics, coating and solid-liquid separation. Many investigations have been performed to evaluate the rheological properties of slurries, such as apparent viscosity [1, 2] ; however, it was reported that the apparent viscosity of slurries does not have a good relation with the packing fraction of green bodies [3 -7] . In recent reports [8 -10] , the properties of slurries were evaluated by a gravitational settling test, although the experimental time was very long. Alternatively, particle dispersion or flocculation in slurries was directly observed by using in situ solidification [11] . However, a quicker and easier evaluation of slurry properties is desirable for enabling its application in industrial fields. In our previous reports, we proposed the hydrostatic pressure measurement method [12, 13] and the constant pressure filtration method [14] ; these can evaluate the particle dispersion state in a slurry within a short period. For the hydrostatic pressure measurement, the particle dispersion state could be evaluated by monitoring the time change of hydrostatic pressure at the bottom of the slurry. In our previous report it was shown that the difference of hydrostatic pressure at the bottom was very clear even though the height of the slurry interface was almost the same [12] . In this report, the relationship between the results of the hydrostatic pressure measurement and final packing fraction of the sediment is discussed in detail.
EXPERIMENT

Slurry preparation
Slurries were prepared from abrasive alumina powder (average particle size of 3 µm; Fujimi) and distilled water by ball milling for 2 h using alumina balls in a polyethylene bottle. The solid concentration was 30 vol.%. A solution of hydrochloric acid was used to adjust the pH values of the slurries in order to control the degree of flocculation. The ζ potential of this powder was measured using an electrophoresis analyzer (Model Mark; Rank Brothers). Figure 1 shows the ζ potential as a function of pH of alumina slurries and the isoelectric point occurs at a pH of 6.9. The slurries were degassed for 10 min by means of vacuum treatment and then subjected to hydrostatic pressure measurement.
Hydrostatic pressure measurement
The prepared slurries were poured into an acrylic cylinder with a diameter of 34 mm. A pressure sensor was installed at the bottom of this cylinder. The initial height of the slurry was 90 mm. The time changes of the slurry interface position and the hydrostatic pressure at the bottom were measured. The experimental apparatus for the hydrostatic pressure measurement is described in detail elsewhere [12] . Figure 2 shows the time change of the slurry interface position and Fig. 3 shows that of the hydrostatic pressure at the bottom. The final settling distance of the interface increased with a decrease in the pH value, which means that the property of particle packing improves as the pH value moves away from the isoelectric point. The hydrostatic pressure of the slurry with a pH of 6.9 decreased rapidly at the initial stage of settling, whereas that of the slurry with a pH of 4.3 decreased more slowly. If particles in the slurry settle freely, the weight of the particles is sustained by the liquid; therefore, the hydrostatic pressure at the bottom corresponds to the sum of the particle and liquid weights, resulting in the maximum value of the hydrostatic pressure. However, if all the particles finish settling and form a sediment, the weight of the particles is sustained by the cylinder, resulting in the minimum value of the hydrostatic pressure, which is equal to only the hydrostatic pressure of the liquid. In other words, the hydrostatic pressure decreases with an increase in the particles settled at the bottom. This implies that we can evaluate particle deposition behavior from the time change of the hydrostatic pressure at the bottom [12, 13] . For the slurry with a pH of 6.9, the particles were flocculated more easily and quickly as compared to those of the slurry with a pH of 4.3 because the hydrostatic pressure decreased more rapidly, as shown in Fig. 3 .
RESULTS
Settling curve and hydrostatic pressure
Initially the hydrostatic pressure of the slurry with a pH of 5.5 decreased at the same rate as that of the slurry with a pH of 4.3. However, this decreased drastically after 2 h, at which time the rate became almost equal to that of the slurry with a pH of 6.9. Similarly, the hydrostatic pressures of slurries with pH values of 5.1 and 6.2 decreased rapidly after 5 h. These results suggest that the particles in these slurries were well dispersed initially, followed by flocculation at a certain time, as shown in a previous report [13] . Figure 4 shows the relationship between the apparent viscosity of the slurry and the final packing fraction of the sediment. The final packing fraction was calculated from the final height of the sediment. The apparent viscosity and final packing fraction are summarized in Table 1 . Comparing the slurries with pH values of 4.3 and 5.1, the final packing fraction was evidently different, whereas the apparent viscosity was nearly the same. In other words, the property of these two slurries could hardly be distinguished by their apparent viscosity; therefore, the apparent viscosity measurement alone is not sufficient for optimizing the slurry conditions.
Relation between apparent viscosity and final packing fraction
DISCUSSION
Definition of ratio of the apparent weight flux
In order to discuss the relation between the final packing fraction and the result of the hydrostatic pressure measurement, the ratio of the apparent weight flux, U b /U u , shown in Fig. 5 was introduced. U u is the apparent weight flux of settling particles, which denotes the particle flux settling below the interface between the slurry and supernatant. U u can be calculated from the particle volumetric concentration φ and particle settling velocity u at the interface at a given time t:
u and φ can be calculated from a settling curve by Kynch's theory [15] . U b is the apparent weight flux of depositing particles, which denotes the particle flux deposited at the bottom. U b can be calculated from the time change of the hydrostatic pressure at the bottom:
If particles are well dispersed and freely settled, U u and U b would have almost the same value, i.e. U b /U u will almost equal unity. However, if particles flocculate easily, the particles form a network structure and U b would exceed U u . In other words, the value of U b /U u will be lower when the particles are well dispersed.
U u /U b for hindered settling
When particles are well dispersed and hindered settling occurs, U b /U u can be estimated theoretically by the following equations. Here, for simplicity, we consider a mono-size particle system and the settling velocity of the particles obeys the Richardson-Zaki equation [16] : where φ is the volumetric concentration of particles in the slurry and u ∞ is the terminal settling velocity of a particle calculated by the Stokes equation. In general, hindered settling is classified in two types; one with a transient zone and the other without a transient zone. We can determine whether or not the transient zone is formed from the plot of φ and dimensionless particle settling flux U * [17] . U * is obtained by dividing the volumetric particle settling flux U by the terminal settling velocity of a particle u ∞ . Here, the particle settling velocity is described by (3) and U is given by:
Therefore, the dimensionless particle settling flux U * is expressed as: Figure 6 shows the relationship between the dimensionless particle settling flux U * calculated by (5) and the volumetric concentration of the slurry φ. In Fig. 5 , the dashed lines are drawn through points A (φ = φ 0 , U = U φ 0 ) and B (φ = , U = 0) for each slurry used in this study. The points A and B represent the initial slurry state and final sediment state, respectively. If U * at a certain φ is equal to or greater than that of this line, the particles flowing into the interface between the slurry and sediment can be condensed immediately, leading to a sediment with a packing fraction of . In this case, the transient zone does not exist. Assuming that hindered settling occurred for all slurries used in this study, the transient zone should not be formed; therefore, in this paper, we discuss hindered settling without considering the transient zone.
For hindered settling without a transient zone, three zones exist in a slurry during settling, as shown in Fig. 7 . The settling velocity of particles in the slurry zone is expressed by (3), while the settling mass flux U u is given by: Supposing the velocity of the interface between the slurry and sediment is expressed by v, the particle material balance over the interface yields
Therefore, U b is calculated by the following equation:
Combining (4) and (7), the ratio of the apparent weight flux of the depositing particle to that of the settling particle is given by: Figure 8 shows the time change of the ratio of the apparent weight flux U b /U u . In addition, the experimental value was quite similar to the calculated value; therefore, the particles were well dispersed and settled. However, at the initial stage of settling for the slurry with a pH of 6.9, U b /U u obtained from the experiment was greater than the calculated value. Further, the value increased drastically after several hours. This means that the particles settled by a flocculate at the beginning of the settling and then formed the network structure, because the particles were strongly attracted to each other. In the case of slurries with pH values of 5.1, 5.5 and 6.2, U b /U u was close to the calculated value initially, suggesting that the particles were well dispersed at the initial stage of settling. However, at a certain settling time, particles began to flocculate and this resulted in a rapid increase of U b /U u .
Comparison of the ratio of the apparent weight flux between experiment and calculation
4.4.
Relationship between U b /U u and final packing fraction a significantly better correlation between U b /U u and the final packing fraction of the sediment. From these results, we were able to evaluate the packing ability of slurries only for 5 h by the hydrostatic pressure measurement and analysis of mass flux ratios, even though it took approximately 1 month for the settling to complete.
In the case of
The value of U b /U u is usually larger than unity, as expected from (10); however, U b /U u became smaller than unity for a slurry prepared from another alumina powder (AES-11E with an average particle size of 0.5 µm; Sumitomo Chemical) [18] . Figures 11-13 show the settling curve, time change of the hydrostatic pressure and U b /U u , respectively. The solid concentration of these slurries was 20 vol.% and the pH value was changed by hydrochloric acid. Figure 14 shows the ζ potential as a function of pH value of the slurries. For the slurry with a pH of 4.2, the depth of the clarification zone reached 40 mm after 60 h and the concentration became almost double. However, the decrease in the hydrostatic pressure was extremely small. This suggests that the particles in the concentrated zone at the bottom still possessed fluidity and did not form a rigid sediment; therefore, the value of U b /U u became smaller than unity. In other words, when the particles in the slurry were dispersed extremely well, the value of U b /U u could be smaller than unity. 
CONCLUSIONS
The hydrostatic pressure of the pH-adjusted slurries was measured. Further, the results were analyzed based on the ratio of the apparent weight flux of depositing particle to that of settling particle, U b /U u , in order to discuss the settling and deposition behavior of particles in detail. It was shown that the ratio of apparent weight flux U b /U u has a good correlation with the final packing fraction of a sediment and the hydrostatic pressure measurement can be applied for the evaluation of the packing ability of slurries. For alumina slurry with a pH of 4.2, the value of U b /U u became smaller than unity, suggesting that particles in the concentrated zone at the bottom still possessed fluidity even if the slurry concentration reached approximately 40 vol.%.
